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Contracting visual stimuli have been found to induce stronger vection than expanding stimuli. We sought
to determine which component of motion underlies the advantage of contraction over expansion in
inducing vection. Either the right or left hemi-visual ﬁeld of an optic ﬂow was presented to either the
right or left eye. Our results revealed that without temporonasal motion projected on the nasal retina,
vection was weak even with contracting stimuli. Conversely, vection was strong even with expanding
stimuli if this type of motion was present. The advantage of contracting stimuli in inducing vection
may be caused by anisotropy in processing motion on the nasal retina.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
A large number of studies in visual research have reported that
contracting motion is more effective for inducing vection than
expanding motion (e.g. Andersen, 1986; Bubka, Bonato, & Palmisa-
no, 2008; Ito & Shibata, 2005; Reinhardt-Rutland, 1982). However,
at present no sufﬁcient explanation for this asymmetry has been
proposed. The aim of the current study was to determine the crit-
ical component of motion in expanding and contracting ﬂows that
is critical in producing the asymmetry in vection induction
strength. We hypothesized that this disparity is critically related
to contracting visual stimuli typically involving a vection-enhanc-
ing motion component that is not shared by expanding stimuli. We
tested the effects of motion direction in combination with retinal
position on vection strength.
For clarity, we refer to the rightward and leftward motions for
the right eye as ‘nasotemporal’ and ‘temporonasal’ motion (see
Fig. 1). These terms are based on previous studies on optokinetic
nystagmus (OKN; Collewijn, 1969; Distler, Vital-Durand, Korte,
Korbmacher, & Hoffmann, 1999; Ter Braak, 1936; Van Hof-van
Duin, 1978). Similarly, we term rightward (leftward) motion for
the left eye ‘temporonasal’ (nasotemporal) motion.
In a previous study, Seno and Sato (2009) presented a vection-
inducing stimulus only in the right (or left) half of the visual ﬁeld
using monocular viewing. Using this conﬁguration, they manipu-
lated the stimulated retinal areas (the nasal and temporal retinas)
and motion directions (temporonasal and nasotemporal) indepen-
dently. Their results revealed that temporonasal motion projectedll rights reserved.
no).on the nasal retina was the most effective stimulus for inducing
vection. They termed this component of motion the ‘optimum mo-
tion’, and proposed the involvement of subcortical neural activity
in the underlying mechanism. Based on these earlier ﬁndings, we
hypothesized that the increased vection strength induced by con-
tracting compared with expanding visual stimuli is caused by the
existence of an optimummotion for vection (temporonasal motion
projected on the nasal retina), that is typically present in contract-
ing but not expanding stimuli.
When viewing the center of the ﬂow ﬁeld in an expanding stim-
ulus, leftward motion is present in the left visual ﬁeld, with right-
ward motion in the right visual ﬁeld. For the right eye, the motion
in the left visual ﬁeld corresponds to temporonasal motion pro-
jected on the temporal retina, and the motion in the right visual
ﬁeld corresponds to nasotemporal motion projected on the nasal
retina (see Fig. 2 for details). For the left eye, the motion in the right
visual ﬁeld corresponds to temporonasal motion projected on the
temporal retina, and the motion in the left visual ﬁeld corresponds
to nasotemporal motion projected on the nasal retina. Thus, for
expanding visual stimuli, the optimummotion for inducing vection
is not present. On the other hand, in contraction, a rightward mo-
tion is present in the left visual ﬁeld, with a leftward motion in the
right visual ﬁeld. This means that for both the right and left eyes,
there is temporonasal motion projected on the nasal retina and
nasotemporal motion projected on the temporal retina (Fig. 2).
Thus, optimummotion is typically present when viewing contract-
ing stimuli.
In the current study we created contracting stimuli that did not
contain optimum motion, and expanding stimuli that did contain
optimum motion. According to our hypothesis, such a contracting
stimulus would be expected to induce weaker vection (compared
Fig. 1. Schematic illustration of the deﬁnition of motion directions, retinal positions
and optimum motion for the right eye. The left visual ﬁeld is projected on the
temporal retina, and the right visual ﬁeld on the nasal retina. The black curved
arrows indicate the directions of retinal motion (not optimum motion). The gray,
thick curved arrow is temporonasal motion projected on the nasal retina, that is, the
optimum motion.
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including optimum motion would be expected to induce stronger
vection (compared with a normal expanding stimulus, and to aFig. 2. Schematic illustration of the control conditions. The ﬂows within the gray ellipses
retinal motion that is not optimum, and the gray, thick curved arrows indicate optimumcontracting stimulus without optimum motion). We hypothesize
that the critical factor determining the strength of vection induc-
tion is the existence or non-existence of the optimum motion,
not the distinction between contraction and expansion.
To examine our hypothesis, we produced three types of vection
stimuli simulating self-motion in directions along the line of sight
(forward and backward motion), in 30 oriented directions from
the line of sight (right-forward and left-backward motion), and in
a 90 oriented direction (rightward motion). These optical ﬂows
enabled us to produce contraction that did not include optimum
motion, expanding stimuli that included optimum motion, and
horizontal translation stimuli that either did or did not include
optimummotion, respectively. To manipulate the presence of opti-
mum motion independently of optical ﬂow type, we developed a
new display method using dichoptic presentation of optical ﬂows.
In this method, for each participant either the right or left half of
the optic ﬂow is presented to either the right or left eye. If these
stimuli are put together (right and left), they form a complete optic
ﬂow. The condition in which the right half of the optic ﬂow was
presented to the right eye, and the left half to the left eye, was re-
ferred to as the ‘congruent’ condition. When the right half was pre-
sented to the left eye, and the left half to the right eye, it was
referred to as the ‘incongruent’ condition (see Fig. 3).
Under this conﬁguration, when an expanding optic ﬂowwas the
stimulus (Fig. 3), in the congruent conditions only nasotemporal
motion projected on the nasal retina was present. In contrast, the
incongruent condition only involved temporonasal motion pro-
jected on the temporal retina. When a contraction ﬂow was em-
ployed, the optimum motion, that is, temporonasal motion
projected on the nasal retina, was present in the congruent condi-
tion. However, in the incongruent condition, only nasotemporal
motion projected on the temporal retina was present. Thus, for
the contracting stimuli the optimum motion appeared only in
the congruent condition. We refer to these ﬁrst types of stimulus
conﬁguration as ‘expansion/contraction displays’.correspond to optimummotion. The black curved arrows under the eyeball indicate
motion.
Fig. 3. Schematic illustration of the stimulus conditions of the expansion/contraction displays. The ﬂows within the gray ellipses correspond to the optimum motion. The
black curved arrows under the eyeball indicate retinal motion that is not optimum, and the thick gray curved arrows indicate optimum motion.
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‘shifted expansion/contraction displays’, we produced an expand-
ing stimulus that included the optimum motion. To produce theseFig. 4. Schematic illustration of the stimuli in the congruent and incongruent conditio
correspond to optimum motion. The black curved arrows under the eyeball indicate retin
motion. By shifting the focus of expansion and contraction, there are two motion directi
and also on the temporal retina of the left eye.displays we simulated self-motion along a line oriented 30 to the
right from the line of sight. This resulted in a shift of the focus of
expansion and contraction 30 apart from the screen centre. Thesens in the shifted expansion/contraction displays: The ﬂows within the gray ellipses
al motion that is not optimum, and the thick gray curved arrows indicate optimum
ons, temporonasal and nasotemporal, occurring on the nasal retina of the right eye,
1134 T. Seno et al. / Vision Research 50 (2010) 1131–1139stimuli were presented using the dichoptic display method de-
scribed above. By doing so, the expanding ﬂow only contained
the optimum motion in the congruent condition (see Fig. 4 and
‘stimuli’ section for more detail).
In the third type of display, ‘horizontal-translation displays’,
horizontal translation was employed as the vection-inducing stim-
ulus. Using the dichoptic presentation described above, we were
able to produce translation stimuli that included optimummotion,
and translation stimuli that did not (see Fig. 5 and ‘stimuli’ section
for more detail).
We tested the hypothesis that optimummotion is the main fac-
tor inﬂuencing the different strength of vection induction between
contracting and expanding stimuli. According to our hypothesis,
the distinction between contraction and expansion is not impor-
tant, i.e. expansion that includes optimum motion should induce
stronger vection (compared with normal expanding stimuli), while
the contraction that did not include the optimummotion would in-
duce weaker vection (compared with normal contracting stimuli).





Participants were eight graduate or undergraduate student vol-
unteers aged between 20 and 27 (ﬁve males, three females). All
participants possessed normal vision, and had not experienced
any disease of the vestibular systems. Every participant had expe-
rienced vection prior to participating in this experiment, either in
other vection experiments or in demonstrations in psychology lec-
tures. None of the participants were aware of the purpose of the
experiment.
2.1.2. Apparatus
Visual stimuli (pixel resolution, 1024  768; refresh rate, 120Hz)
were generated and controlled by a computer (Apple MB543 J/A).
They were projected onto a screen by a rear projector (DRAPAR;
Electrohome Electronics). The experiments were conducted in a
darkened room.
2.1.3. Stimuli
The stimuli subtended 75 (horizontal)  60 (vertical) of visual
angle when the viewing distance was 90 cm. We presented optic
ﬂows of each type (contraction, expansion, and horizontal transla-Fig. 5. Schematic illustration of the stimuli under the congruent and incongruent conditi
optimum motion. The black curved arrows under the eyeball indicate motion that is notion) for 60 s. Optic ﬂows were generated using OpenGL software.
We positioned 16,000 dots at random in a simulated cube (length,
20 m), and moved the view-point to simulate self-motion of 9 m/s.
The start and end points of the cube were connected, thus allowing
endless optic ﬂows to be presented. Approximately 1240 dots were
presented in each frame, and each dot subtended a visual angle of
0.03–0.05. The size of the dots remained unchanged even when
the simulated distancewas altered. Moreover, the dots did not form
a density gradient. Therefore, there were no static depth cues, and
the motion parallax was the only depth cue. The mean luminance
of the dots and the background were 6.91 cd/m2 and 0 cd/m2,
respectively. The ﬁxation point was located at the center of the
screen.
The dot positions were renewed at 60 Hz, creating an impres-
sion of motion, while the images on the screen were refreshed at
120 Hz and presented to each eye alternately. The participants
wore LCD shutter goggles (CrystalEyes3) for dichoptic viewing.
The half of the visual ﬁeld in which a ﬂow stimulus was not pre-
sented was ﬁlled with a blank black ﬁeld. In the congruent condi-
tion, the right half of the visual ﬁeld optic ﬂow was presented to
the right eye, and the left half of the optic ﬂow was presented to
the left eye. In the incongruent condition, the left half of the optic
ﬂow was presented to the right eye, and the right half of the optic
ﬂow was presented to the left eye. Combining the stimuli for both
eyes constructed a complete optic ﬂow. As a control condition, we
presented a complete optic ﬂow to either the right or left eye (con-
trol right and control left conditions, Fig. 2). The ﬁxation point
(1  1) was presented at the center of the screen.2.1.3.1. Expansion/contraction displays. We simulated forward or
backward self-motion with the camera’s view ﬁxed on the center
of the visual ﬁeld. Stimuli are shown in Fig. 3. This display condi-
tion included a contracting ﬂow without optimum motion. There
were eight types of motion display in total; two ﬂow types (expan-
sion/contraction)  two types of dichoptic separation (congruent/
incongruent), in addition to four types of control display, i.e. two
ﬂow types (expansion/contraction)  two presented eyes (right/
left).2.1.3.2. Shifted expansion/contraction displays. We simulated for-
ward or backward self-motion along a line oriented 30 to the
right, with the camera’s view ﬁxed on the center of the visual ﬁeld.
Examples of stimuli are shown in Fig. 4. Because of the 30 orien-
tation of the line, the focus of the expansion/contraction was
shifted 30 to the right from the center of the screen. With the pre-
sentation of this shifted expanding stimulus, the left half of theons in the horizontal-translation displays. The ﬂow within the ellipse corresponds to
t optimum, and the thick gray curved arrow indicates optimum motion.
T. Seno et al. / Vision Research 50 (2010) 1131–1139 1135right visual ﬁeld for the right eye was ﬁlled with temporonasal mo-
tion under the congruent condition. Because this temporonasal
motion was projected on the nasal retina in the right eye, this mo-
tion component involved optimum motion for vection (although
the area of optimum motion was less than the contraction condi-
tion; see Fig. 4). The ﬁxation point was located at the center of
the screen. Thus, participants ﬁxated on the center of the screen
rather than on the focus of expansion.
There were four motion displays in this category: two ﬂow
types (shifted expansion/contraction)  two types of dichoptic
separations (congruent/incongruent). Optimum motion appeared
only in the congruent condition for both expanding and contract-
ing ﬂows.
2.1.3.3. Horizontal-translation displays. We simulated rightward
self-motion with the camera’s view ﬁxed on the center of the visual
ﬁeld. The stimulus appeared as an optical ﬂow, similar to a scene
from the window of a moving train. There were two motion dis-
plays, i.e. two types of dichoptic separations (congruent/incongru-
ent). Other stimulus parameters were the same as those described
above. As shown in Fig. 5, optimum motion appeared only in the
congruent condition.
2.2. Procedure
Five trials were conducted in each session. Experimental condi-
tions were not changed within sessions, and every condition was
tested within a single session. All conditions were tested in a ran-
domized order within each type of display condition. We asked
participants to keep pressing a button while they perceived vection
in each trial. We recorded the duration and latency of vection as
dependent variables. After the presentation of the stimuli, partici-
pants were instructed to evaluate the subjective strength of*a
b
Fig. 6. Results from the expansion/contraction displays. (a) Average latencies and duratio
respectively. The control left and right indicate the control conditions using the left and r
that there are signiﬁcant differences between the conditions at the 5% level. (b) Averagevection using a magnitude estimation method. The estimated val-
ues could range from 0 (no vection) to 100 (very strong vection).
During stimulus presentation, participants ﬁxated on the center
of the screen (ﬁxation point). The following instructions were pre-
sented to participants: ‘Please keep pressing the button for as long
as forward or backward self-motion is perceived. Once the stimu-
lus has disappeared, please estimate the strength of the self-mo-
tion that was perceived on a scale from 0 to 100. Zero means
that no self-motion was perceived, and 100 means that very strong
self-motion was perceived’. We did not provide any suggestions
about our hypothesis that might have lead to cognitive bias, be-
cause vection has been found to be modulated by such instructions
(e.g. Lepecq, Giannopul, & Baudonniere, 1995; Palmisano & Chan,
2004). The participants could rest for as long as they desired be-
tween the trials. The length and timing of the rest periods were
freely determined by the participants, to avoid motion sickness.3. Results and discussion
3.1. Expansion/contraction displays
As shown in Fig. 6a and b, vection was signiﬁcantly stronger in
the three conditions that included optimummotion (the congruent
condition and the two control conditions for the contracting stim-
ulus). The durations of vection were longer, the latencies were
shorter and the estimated magnitude values were larger in these
three conditions than those in all others. One-way analyses of var-
iance (ANOVA) revealed a signiﬁcant main effect of the eight con-
ditions for the latency, duration and magnitude of vection (latency,
F(7, 49) = 10.21, p < 0.01; duration, F(7, 49) = 6.36, p < 0.01; magni-
tude, F(7, 49) = 4.27, p < 0.01). There were signiﬁcant differences in
every combination between the three conditions that included
optimum motion and all other conditions for the latency, duration*
ns for the eight conditions. EXP and CON indicate expanding and contracting stimuli,
ight eye, respectively. The error bars indicate standard errors. The asterisks indicate
magnitude values for the eight conditions. The labels are the same as those in (a).
1136 T. Seno et al. / Vision Research 50 (2010) 1131–1139and magnitude (p < 0.05, Tukey’s honestly signiﬁcant differences
[HSD] test).
Vection was strengthened in the three conditions that included
the optimum motion, that is, temporonasal motion projected on
the nasal retina. Even though the stimulus pattern was a contract-
ing optic ﬂow, when there was no optimum motion, vection
strength became weaker, and remained the same as that caused
by a standard expanding stimulus. Thus, the stimulus distinction
between expansion and contraction did not correspond to a differ-
ence in vection strength. Rather, the existence or non-existence of
temporonasal motion projected on the nasal retina corresponded
directly to whether a difference in vection strength was exhibited.
The existence of an optimum motion type thus seems likely to be
the critical factor underlying previous ﬁndings that contracting
stimuli induced stronger vection.
Our hypothesis led us to predict that if optimum motion is in-
cluded in an expanding stimulus, it would be expected to induce
stronger vection than a contracting stimulus that did not include
the optimum motion. This hypothesis was clearly supported by
the results.
3.2. Shifted expansion/contraction displays
As shown in Fig. 7a–c, vection was signiﬁcantly stronger in the
conditions that included optimum motion (the congruent condi-
tion) irrespective of the ﬂow types (expansion/contraction). The
durations of vection were longer, the latencies were shorter and
the estimated magnitude values were larger in the congruent con-
ditions than those in the incongruent conditions for both the
shifted expanding and shifted contracting stimuli. Even though
the stimulus pattern was the shifted expansion, when optimum
motion was present, vection was as strong as that induced by the
congruent contracting stimuli that included optimum motion.
A two-way ANOVA including the two factors (the shifted expan-
sion/contraction and the congruent/incongruent) revealed signiﬁ-
cant main effects of condition (congruent/incongruent) for the
latency, duration and magnitude of vection (latency, F(1, 7) =
22.17, p < 0.01; duration, F(1, 7) = 51.25, p < 0.01; magnitude,a
b
Fig. 7. Results from the shifted expansion/contraction displays. (a) Average latencies for
that there are signiﬁcant differences between the conditions at the 5% level. (b) Average
magnitude values for the four conditions. The labels are the same as those in (a).F(1, 7) = 56.79, p < 0.01). There were no signiﬁcant differences
between expansion/contraction distinction in latency, duration
or magnitude of vection (latency, F(1, 7) = 1.52, n.s; duration,
F(1, 7) = 0.57, n.s; magnitude, F(1, 7) = 2.99, ns). Likewise, the inter-
action of the two factors was not signiﬁcant for the three depen-
dent variables (latency, F(1, 7) = 0.00, n.s.; duration, F(1, 7) = 0.52,
n.s.; magnitude, F(1, 7) = 0.65, n.s.).
We found that vection was strengthened by the existence of
optimum motion. These results further conﬁrmed that the pres-
ence of optimum motion was the critical factor in mediating vec-
tion strength. The shifted expanding stimulus that included
optimum motion induced stronger vection than the shifted con-
tracting stimulus that did not include optimum motion. Fig. 7c
indicates that, under the stimulus condition where optimum mo-
tion was included (the congruent condition), the shifted contract-
ing stimulus was able to induce vection of a greater magnitude
than the shifted expanding stimulus, although this difference did
not reach statistical signiﬁcance. This tendency may have resulted
from a difference in the amount of optimum motion in the display.
The shifted contraction display included about twice the area of
optimum motion compared with the shifted expansion display.
3.3. Horizontal-translation displays
As shown in Fig. 8a–c, vection was signiﬁcantly stronger in the
conditions that included optimum motion (the congruent condi-
tion). The durations of vection were longer, the latencies were
shorter and the estimated magnitude values were larger in the
congruent conditions than in the incongruent conditions. Even
though the stimulus pattern only involved translation, vection
became stronger when there was optimummotion in the stimulus.
T-tests revealed signiﬁcant differences between the two conditions
for the latency, duration and magnitude of vection (latency,
t(7) = 2.76, p < 0.05; duration, t(7) = 3.27, p < 0.05; magnitude,
t(7) = 3.37, p < 0.05).
The results from the whole-visual-ﬁeld horizontal-translation
stimulation are in accord with the hypothesis that the presence of
optimum motion critically determines vection strength. Moreover,c
the four conditions. The error bars indicate standard errors. The asterisk indicates
durations for the four conditions. The labels are the same as those in (a). (c) Average
Fig. 8. Results from the horizontal-translation displays. (a) Average latencies for the two conditions. The error bars indicate standard errors. Asterisks indicate signiﬁcant
differences between the conditions at the 5% level. (b) Average durations for the two conditions. The labels are the same as those in (a). (c) Average magnitude values for the
two conditions. The labels are the same as those in (a).
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and contracting stimuli. Thus, our hypothesis that the previous ﬁnd-
ing of the vection-induction advantage of contracting stimuli arises
from the presence of optimum motion can be generalized to other
stimuli. On the basis of these results, we propose that the vection-
induction advantage of contracting stimuli occurs because these
stimuli typically include optimum motion, whereas expanding
stimuli generally do not.
4. General discussion
We aimed to determine the underlying cause of the advantage
displayed by contracting stimuli in inducing vection, focusing on
optimum motion as a potential explanatory factor. Temporonasal
motion projected onto the nasal retina has been reported to be
the optimum type of motion for inducing vection (Seno & Sato,
2009). In this study we manipulated the presence of optimum mo-
tion in the contracting and expanding stimuli, and found that opti-
mum motion was the critical factor determining vection strength
irrespective of whether contracting or expanding stimuli were
used. Contracting stimuli without optimum motion induced vec-
tion that was weaker than that obtained from the congruent con-
tracting stimuli, and expanding stimuli including optimum
motion induced stronger vection than contracting stimuli that
were altered to exclude optimum motion. Finally, we also tested
horizontal translation stimuli with and without optimum motion
and again found this to be the critical factor in the strength of
the resulting vection. Based on these modiﬁed stimuli, the advan-
tage of optic ﬂows including optimum motion in vection induction
was further conﬁrmed. We consistently found that vection
strength was determined by the presence of optimum motion irre-
spective of stimulus conﬁguration (i.e., contraction, expansion and
translation). We thus propose that the well-reported result that
contraction induces stronger vection is a consequence of the pres-
ence of optimum motion in typical contracting stimuli.
Our results also conﬁrmed that temporonasal motion projected
on the nasal retina is indeed the optimum type of motion forvection induction. We found that this type of motion is also opti-
mal for the induction of OKN, in accord with earlier studies reveal-
ing that temporonasal motion induces stronger OKN than
nasotemporal motion (Collewijn, 1969; Distler et al., 1999; Ter
Braak, 1936; Van Hof-van Duin, 1978). Furthermore, previous work
has shown that when a stimulus is presented on only the nasal or
temporal retina, the temporonasal motion projected on the nasal
retina most effectively induces OKN (Ohmi, Howard, & Eveleigh,
1986). Vection and OKN appear likely to share some of the same
mechanisms because their characteristics correlate well (e.g. Flan-
agan, May, & Dobie, 2002; Schor, Lakshminaratanan, & Narayan,
1984). Brandt, Dichgans, and Buchle (1974) suggested that OKN di-
rectly mediates vection after the visual stimulus has disappeared.
Nakamura and Shimojo (2000) hypothesized that OKN mediates
‘‘inverted vection”. The mechanisms of OKN may also contribute
to vection induction.
From a physiological perspective, this type of motion has been
found to be optimal for the activation of some populations of sub-
cortical cells. In rabbits and macaque monkeys, cells in the nucleus
of the optic tract (NOT) and in the dorsal terminal nucleus (DTN),
which mediate OKN, receive inputs primarily from the nasal retina
of the contralateral eye (Collewijn & Holstege, 1984; Klooster,
van der Want, & Vrensen, 1983; Scalia, 1972; Telkes, Distler, &
Hoffmann, 2000). There are motion-sensitive cells in these two
nuclea, and such cells exhibit selectivity to the temporonasal direc-
tion of motion (Collewijn, 1975; Hoffmann & Distler, 1989). The
medial superior temporal area (MST) and the NOT–DTN complex
possess bidirectional projections (Hoffmann, Bremmer, Thiele, &
Distler, 2002). Recent brain imaging studies have suggested that
MST is one of the loci mediating vection (e.g. Kleinschmidt et al.,
2002; Thilo, Kleinschmidt, & Gresty, 2002). These projection pat-
terns and direction selectivity could be the underlying causes of
the increase in vection strength caused by optimum motion found
in the present study. The subcortical pathway noted above may
strongly inﬂuence the induction of OKN and, possibly also vection.
When optimum motion is in the stimulus, activation in this sub-
cortical pathway should be greater. We speculate that this is the
1138 T. Seno et al. / Vision Research 50 (2010) 1131–1139reason for the stronger vection induction by ﬂow stimuli involving
optimum motion.
Much is still unclear regarding the relationship between vection
and OKN, however. For example, upward motion induces stronger
OKN than downward motion (Murasugi & Howard, 1989), whereas
this anisotropy seems not to be reﬂected in vection. That is, down-
ward motion induces vection to the same extent as upward motion
(Lepecq, Giannopulu, Mertz, & Baudonnière, 1999). However, the
combination of nasal and temporal retinas and motion directions
(upward and downward) has not been closely examined at present.
Detailed investigation of these conﬁgurations in future may reveal
other asymmetries in vection induction.
It must be noted that types of eye movements other than OKN
may have occurred during the observation of our stimuli. Kim and
Palmisano (2008) reported that various types of eye movements
can be obtained during the presentation of an expanding optic
ﬂow, particularly vergence, ocular following and disparity ver-
gence eye movements (Miles, Busettini, Masson, & Yang, 2004).
The potential effects of other types of eye movement on vection
induction must be considered. At the same time, however, the pos-
sibility that optimum motion might affect different types of eye
movement must also be considered. We plan to investigate the
relationship between vection and various types of eye movement
in future studies.
Although the superiority of contracting stimuli in inducing vec-
tion has been robustly demonstrated, several neural and behav-
ioral experiments have suggested a dominance of expansion
processing in terms of neural activity. In the MST of macaque mon-
keys, the number of cells responding to visual expansion is much
larger than those responding to contraction (Tanaka & Saito,
1989). In addition, cells in area 7a are activated to a greater extent
by expanding than contracting stimuli (Ptito, Kupers, Faubert, &
Gjedde, 2001). Thus, there is evidence for a physiological basis
for a neural dominance of expanding stimuli. Correspondingly, in
psychophysical tasks, higher sensitivity and performance has been
found in response to expanding than contracting stimuli. For
example, in visual search tasks, humans are better at ﬁnding
expanding than contracting stimuli (e.g. Ball & Sekuler, 1980;
Takeuchi, 1997).
Besides vection, processing advantages for contracting stimuli
have been observed in only a few psychophysical experiments. Ed-
wards and Badcock (1993) and Edwards and Ibbotoson (2007) re-
ported an advantage of contraction in coherent global-motion
detection. These studies presented expanding and contracting
stimuli, and measured the percentage of dots composing coherent
global motion as a detection threshold. The results showed that the
detection threshold was lower in response to contracting than
expanding stimuli. On the basis of these reports the authors pro-
posed that expansion-tuned cells in MST outnumber contraction-
tuned cells. This suggests that a single contraction-tuned cell in
MST receives projections from many more local motion units such
as cells in V1 and MT, than a single expansion-tuned cell. This may
explain the contraction superiority observed in the motion detec-
tion threshold. Other psychophysical studies showing expansion
superiority have used suprathreshold stimuli. In our study, a con-
traction advantage was obtained for vection induction, despite
the use of suprathreshold expanding and contracting stimuli.
Therefore, Edwards and Ibbotson’s explanation cannot be applied
to our results.
It has been shown in developmental studies that infants re-
spond differently to expansion and contraction stimuli. Shirai,
Kanazawa, and Yamaguchi (2006) reported that 3-month-old in-
fants were sensitive to contraction but insensitive to expansion;
although 2-month-old infants were insensitive to both. Shirai
et al. (2009) reported that cortical activation measured by visually
evoked potentials (VEP) were larger in contraction than in expan-sion for 4-month-old infants and adults, while there was no asym-
metry for 3-month-old infants. These results indicate that
phenomenal contraction superiority stems from the physiological
characteristics of the cortical process. However, Gilmore, Hou,
Pettet, and Norcia (2007) reported that VEP responses were greater
in expansion than in contraction for adult subjects. To date, there
has been no elegant solution offered for this discrepancy, except
for there being minor differences in their stimuli. Our results, to-
gether with those in Seno and Sato (2009), offer a different way
to view the issue. We postulate that differences between responses
to expansion and contraction could be attributed to the distinction
between the existence and non-existence of optimum motion (or
rather, differences in subcortical processing). Further investigation
following this approach is clearly needed.
Finally, in the present experiments, we used a dichoptic visual
stimulus to differentiate the retinal locus at which the visual stim-
ulus was projected between the left and right eyes. It should be
noted that some previous experiments have used dichoptic visual
stimuli to induce vection, as in our study. For example, Wolfe
and Held (1980) used dichoptic presentation to investigate the ef-
fect of binocularity on vection. In the binocular condition, the stim-
ulus position was shifted at 10 Hz and the presented eye was also
switched at that refresh rate. In a monocular condition, the eye-
change was not manipulated and only the strobe was refreshed
at around 10 Hz to induce apparent motion of the stimulus. Vec-
tion was stronger in the binocular condition even though the per-
cepts were nearly identical between the two conditions. The
authors concluded that a binocular process is involved in the
induction of vection. Sauvan and Bonnet (1995) also used a dichop-
tic presentation of vection-inducing stimuli. They presented hori-
zontal motion at a different speed for each eye. The vection
obtained in that experiment did not arise from linear summation
of ﬂows in the right and left eyes, but rather from a non-linear
summation of the information presented to both eyes. These two
studies indicate that vection is mediated by a process that occurs
after binocular integration. It is not clear what type of binocular
summation occurred in our experiments because we found no
differences in vection strength between binocular (congruent/
incongruent) and monocular (control) conditions in the ﬁrst
expansion/contraction display. Our methods using dichoptic ﬂow
presentation are able to produce a wide variety of visual stimulus
conﬁgurations to further investigate the relationship between ret-
inal position and ﬂow direction. This method should be applied in
future vection research to examine the effect of binocularity on
processing retinal ﬂow information.Acknowledgments
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